The influences of proximity effect and complex dielectric permittivity on per-unit-length parameter matrices of three-core power line are analyzed. Based on the symmetrical structure of threecore cable, the per-unit-length parameter matrices are decomposed into common mode and differential mode parameters by phase-mode transformation. Taking the electromagnetic simulation results of finite element method as the initial values, a method of correcting per-unit-length parameters based on open-circuit impedance measurement in mode domain is proposed. Based on the theory of multi-conductor transmission line, the channel model of three-core power line in the frequency range from 30 kHz up to 15 MHz is established. The test results under the branch network show that the channel model has high accuracy, and the influence of the network structure on the impedance and transmission characteristics is further analyzed. The model can accurately take into account the coupling effect between multiple-input multiple-output channels.
I. INTRODUCTION
power line communications (PLC) have been applied as a data transfer method in both public electricity distribution networks and indoor distribution networks. In the field of automatic meter reading (AMR), low voltage narrowband PLC (in the frequency range from 40 kHz to 500 kHz) accounts for more than 80% of various communication methods in China. Broadband PLC (in the frequency range from 700 kHz to 12 MHz) has been widely used in recent years also. The frequency range studied in this paper is from 30kHz to 15 MHz, which covers the narrowband and broadband applications for AMR in China.
For multi-core power cables, multiple-input multipleoutput (MIMO) communication can be used to further increase channel capacity. In the field of MIMO PLC, a large amount of measurements and research has been carried out, and some statistical channel models have been proposed based on the top-down method [1] - [4] . The bottom-up model can be used to calculate transmission and impedance characteristics and analyze the coupling effect between core wires. There are many difficulties in the accurate acquisition of The associate editor coordinating the review of this manuscript and approving it for publication was Matti Hämäläinen . the per-unit-length parameters matrices of multi-core power cables. The transmission characteristics of two three-core cables have been analyzed, and the per-unit-length parameters matrices have been calculated by an approximate formula [5] . Because the effect of proximity effect and insulation medium cannot be accurately calculated, the error between the calculation and measurement is large. In [6] , the symmetrical three-core cable has been simplified into a two-wire cable, which makes it impossible to study the coupling effect between the core wires. For the shielded three-core XLPE cable, an approximate calculation method has been proposed in [7] . Based on the phase-mode transformation method, the propagation speed and the characteristic impedance are calculated and measured. Because the dielectric constant of insulation medium is considered as a constant, the error between calculation and measurement is obvious. For the busbar energy distribution system with a length of 3m, Zeynep Hasirci uses a nonlinear optimization algorithm to determine the per-unit-length parameters [8] , [9] . The algorithm takes the minimum error of all S parameters as the optimization target, which leads to high computational complexity. This paper proposes a new modeling method. Since the permittivity of the insulation medium is difficult to measure directly, the initial values of per-unit-length parameters are obtained by electromagnetic simulation based on the finite element method, and then the errors are corrected by the measurement results of open-circuit impedance. Because there are many parameters to be solved in multi-core cables and each parameter will affect the channel characteristics in various ways, this paper proposes a parameter correction methods in mode domain.
II. MODELING METHOD OF POWER LINE A. MULTI-CONDUCTOR TRANSMISSION LINE MODEL
The BVVB three-core cable under study in this paper, as shown in Fig. 1 , is the typical single-phase electric wires in China. The three-core wires are sequentially labeled as 1, 2, and 3 from left to right. To study the propagation characteristics of high-frequency carrier signals through three-core power line, multi-conductor transmission line (MTL) equations are used. If the per-unit-length parameter matrices are R 0 , L 0 , G 0 and C 0 and the angular frequency of signal is ω, the series impedance matrix is given by Z 0 = R 0 +jωL 0 , and the parallel admittance matrix is given by Y 0 = G 0 + jωC 0 . The MTL equations can be described as [10] 
where U (x) and I (x) are column vectors of voltages and currents, respectively. Since Z 0 Y 0 and Y 0 Z 0 are not diagonal matrices, the voltage and current of each conductor interact with each other, and the transmission line equation cannot be solved directly. The transformation matrix T V or T I is introduced to decouple the equation. Since both Z 0 and Y 0 are symmetric matrices it can be proved that T T I = T −1 V , and the two transformation matrices satisfy
where γ i 2 (i = 1, 2) is the eigenvalue of Z 0 Y 0 and Y 0 Z 0 . A uniform transmission line can be described by the chainparameter matrix as [11] U (l)
where U (l) and I (l) are the voltage and current vectors at the load end, U (0) and I (0) are the voltage and current vectors at the source end. The four chain parameters are [12] 
where T = T I , e γ l = e γ 1 l 0 0 e γ 2 l . In order to calculate the terminal voltages and currents, the Norton equivalent is used, which contains the independent current sources I s and admittance Y s . The load is represented by the admittance Y l .
Then, the input impedance and voltage transfer function can be further solved.
B. ANALYSIS OF PER-UNIT-LENGTH PARAMETERS
The per-unit-length parameter matrices are the basis for the calculation of the MTL equations. There are many difficulties in solving the per-unit-length parameters of the power line accurately. The skin effect occurs when high-frequency current flows through the power line. Due to the relatively small wire spacing of the cable, the proximity effect should be also considered carefully [13] . The charge distributions will tend to concentrate on the adjacent surfaces, which increases perunit-length resistances. When proximity effect is pronounced, the classical calculation formulas would lead to unacceptable errors. Polyvinyl chloride (PVC) is often used as insulation and sheath for actual low voltage power cables. The permittivity of PVC may be a slight function of frequency. The manufacturer of power cable cannot provide the accurate values of permittivity at high frequency, and there are more than one layer of materials in the cable, which make it impossible to accurately calculate the per-unit-length capacitance and conductance by the formula method. In order to describe these two electrical characteristics of dielectric, the complex permittivity is introduced and defined as [14] , [15] ε r = ε r − iε r (6) where ε r is the real part of the permittivity which is associated with the capacitance and ε r is the imaginary part which is associated with the conductance. In practice, the loss tangent tan(θ ) is usually used to describe this relationship.
Compared with the analytical formulas, the per-unit-length parameters, which are extracted by the electromagnetic field simulation tool, have higher precision [16] . However, due to the uncertainty of the complex permittivity, the simulation results of per-unit-length parameters are also inaccurate. For this reason, this paper proposes a method for solving the cable model parameters, which combines electromagnetic field simulation and open-circuit impedance measurement.
III. SOLUTION OF CABLE MODEL A. PHASE-MODE TRANSFORMATION
If the intermediate core is chosen the reference conductor, the symmetrical three-core cable can be seen as 2 + 1 transmission lines system, as shown in Fig. 1 . The per-unit-length parameter matrices are
where G m and C m are negative. From (8)-(10), there are eight parameters, all of which influence the channel characteristics synthetically. Taking three-core cable used in this paper as an example, each per-unit-length parameter matrix, Z 0 Y 0 and Y 0 Z 0 are all 2 × 2 matrices. The main diagonal elements are equal, and the off-diagonal elements are also equal. The phase-mode transformation matrix T is independent of frequency as
According to (12) , the propagation modes are split into two different mode sets, as shown in Fig. 2 . Among them, the differential mode (DM) signals, which are equal in magnitude and opposite in direction, propagates along the conductors on left-hand and right-hand sides. The common mode (CM) signals return through the middle reference conductor, and the currents flowing through the two sides are equal in magnitude and in the same direction.
According to (8)-(10), Z 0 and Y 0 can be obtained as
then
From (2) and (15), the propagation constant of DM is
The propagation constant of CM is
The characteristic impedance matrix in the mode domain is
From the diagonal elements in (18), the characteristic impedance of DM is
The characteristic impedance of CM is
Comparing the propagation constants and characteristic impedances from (16) 
B. PRINCIPLE OF SOLVING PER-UNIT-LENGTH PARAMETERS
According to the cross sections of the three-core cable, all per-unit-length parameter matrices R 0 , L 0 , C 0 and G 0 are extracted based on the two-dimensional electromagnetic field simulation tool of ANSYS. Through the simple calculation of matrices elements, the initial values of per-unit-length parameters of DM and CM are obtained respectively. Since the perunit-length resistances and inductances are not affected by insulation materials, the simulation results of R 0 and L 0 are accurate, but C 0 and G 0 need to be corrected. Without loss of generality, we assume that ε r = 3 and tan (θ ) = 0 in the simulation.
By the phase-mode transformation, the impedance and transmission characteristics of the three-core cable in the mode domain are similar to the two-conductor transmission line so that a simple linear correction can be used to increase the model accuracy. In the following, the method of parameter correction is presented based on two-conductor transmission line, which can be applied to both DM and CM.
Assuming that the per-unit-length parameters of the uniform transmission line are R, L, G, and C, the secondary parameters can be further obtained. The propagation constant is
where α is the attenuation constant and β is the phase constant. The characteristic impedance is
If the load terminal is open-circuited, the input impedance looking into a line with length l b is
In the frequency range up to 15 MHz, the power line generally meets the low-loss conditions: R ωL and G ωC. So the approximate expression of (21) and (22) are
Substituting (24) and (25) into (23), the input impedance can be simplified as
The periodicity of Z ino is the same as the e −2jω √ LCl b which is determined by the primary parameters L, C and line length l b . Using the simulation result of L and the known l b , the exact per-unit-length capacitance C can be obtained by minimizing the error between measured and the calculated period. The actual capacitance can be written as
where f is the frequency and f end is the maximum frequency (15 MHz), and m and n are the undetermined coefficients. According to the error of the first few periods, the coefficient m is determined to eliminate the low-frequency error. If the error in the high-frequency range is unacceptable, the coefficient n is determined to meet the accuracy requirements in the entire frequency range.
The magnitude of Z ino is determined by e −(R / Z C +G·Z C )l b . As the frequency increases, the magnitude of Z ino decreases. Basically, the per-unit-length resistance R increases as the square root of the frequency, and the per-unit-length conductance G increases linearly with frequency. The effect of G can no longer be ignored in the high-frequency range. G is related to the per-unit-length capacitance C as
First, Z ino is calculated when tan (θ) or G is assumed to be zero, and the errors between the calculation and measurement can be observed. Then the exact value of tan (θ ) or G can be determined to eliminate the errors.
C. METHOD FOR SOLVING PER-UNIT-LENGTH PARAMETERS
By measuring S parameters, the impedance and transmission characteristics of the uniform power line can be obtained [17] . In order to measure the input impedance of CM, the core wires 1 and 3 are connected together at the source end, then the port 1 of network analyzer is connected between core wires 1(or 3) and 2, and the load end of the cable is open. According to the measured S 11 , the input impedance is
When calculating the input impedance base on the MTL equations, the terminal condition at the source end is
where the two elements of I s should be equal, which are set to 1. According to (5) , the terminal voltages and currents can be calculated, and the input impedance of CM can be further calculated.
In order to measure input impedance of DM, the port 1 of network analyzer is connected between core wires 1 and 3, and the core wire 2 is left open. The terminal condition at the source end is
The magnitude and phase of input impedances of 40m cable in mode domain are shown in Fig. 3 . The results of calculation and measurement have good coherence by comparing, which shows that a simple linear correction can provide sufficient accuracy, thereby avoiding the complex non-linear methods. In this example, the correction coefficients of DM capacitance are m = 1.08 and n = −0.025, and the correction coefficients of CM capacitance are m = 0.84 and n = −0.025. tan (θ ) is 0.05 for both DM and CM.
IV. VALIDATION OF THE MODEL A. DM AND CM S 21 FOR 40m CABLE
To verify the accuracy of the model, the transmission characteristics of the 40m cable are calculated based on the model parameters, and the vector network analyzer is used for measurement. For CM, the load end is equivalent to
For DM, the load end is equivalent to
According to (5) , S 21 can be further calculated as
The I l and I s are taken from the actual ports where the vector network analyzer is connected. The magnitude and phase of S 21 are shown in Fig. 4 , which shows that the calculation and measurement are in good agreement. The maximum error of magnitude is not more than 0.8 dB. 
B. INPUT IMPEDANCE OF TEST NETWORK
In order to further verify the accuracy of the model, a T-type network is built as shown in Fig. 5 , where the branch cable is 10m.
The input impedance between core wires 1 and 3 of node A is shown in Fig. 6, where The calculation results of magnitude and phase agree well with the measurement results. The measured magnitude varies from 15 to 1122 , and the phase angle is generally not equal to zero. The input impedance between core wires 1 and 2 of node A is shown in Fig. 7 . The results are in good agreement also. 
C. S 21 OF TEST NETWORK
To measure S 21 of test network when the node C is left open, the port 1 of network analyzer is connected to the core wires 1 and 3 of node A, and the port 2 of network analyzer is connected to the core wires 1 and 3 of node B. Fig. 8 compares the calculated and measured S 21 , which shows good agreement.
In order to further validate the proposed model, the port 1 of network analyzer is connected to core wires 1 and 2 of node A, and the port 2 is connected to core wires 1 and 2 of node B. As shown in Fig. 9 , the calculated and measured results match closely. There is relatively small discrepancy in the frequency range above 10 MHz. Comparing Fig. 8 and Fig. 9 , we can see that each magnitude of S 21 has a deep fading at about 4.5 MHz, which is caused by the input impedance of branch line. When the input impedance of branch line has a valley value, the magnitude of S 21 has a deep fading.
Based on the MTL method, the coupling effect between core wires can be accurately predicted, which is useful in the design and analysis of MIMO communication system. The next configuration is the coupled channel that the port 1 of network analyzer is connected to core wires 1 and 2 of node A, and the port 2 is connected to core wires 3 and 2 of node B. The results are shown in Fig. 10 . The calculated and measured results are in good agreement except for the frequency near 4 MHz. Compared with the S 21 of direct channel in Fig. 9 , the attenuation of the coupled channel is smaller in the frequency range above 9 MHz. When designing a MIMO communication system, the direct and coupled channels should be fully used for better data rates.
V. CONCLUSION
This paper presents the broadband impedance and transmission model of low-voltage three-core cables. Based on the phase-mode transformation method, the per-unit-length parameter matrices is decomposed into CM and DM parameters. Based on the electromagnetic simulation of the finite element method, the open-circuit impedances of the two modes are measured, and the per-unit-length parameters are linearly corrected to finally obtain the exact values. The accuracy of the channel model is verified by the test network with branch line, and the influence of branch line on channel transmission characteristics is analyzed. The modeling methods which combine simulation and auxiliary measurement have the advantages of accuracy, simplicity and wide application.
The establishment of precise cable model can provide a solid foundation for the research of MIMO PLC.
